The late male-killing phenomenon was reported in the oriental tea tortrix, Homona magnanima, but its gross pathology and histopathology have not been elucidated. The present study investigated pathological changes in larvae of a late male-killing strain of H. magnanima (LMK). Most male LMK larvae died during the last instar or pupal stage, and dead male larvae showed characteristic signs and symptoms of male killing. The body color of male LMK larvae started to change 4 d after molting into the fifth instar and became increasingly opaque white. Male LMK larvae weighed significantly less than normal-strain (NSR) males. Midgut epithelial cells of male LMK larvae developed normally and microvilli were observed on the luminal side 3 d after the final molt. Regenerative cells of male LMK larvae were observed on the basement membrane but these cells did not develop to pupal midgut cells. From 7 d after the final molt, midgut cells of male LMK larvae were discharged into the lumen as granules and regenerative cells elongated from the basement membrane. All midgut cells of male LMK larvae dropped into the lumen just before death and no cells were observed on the basement membrane. The fat body of male LMK larvae contained large fat granules in the cytoplasm but became a tumor-like cell mass that finally fused with epidermal cells. These changes were specific to LMK males; no differences in the developmental pattern or morphology were observed between female LMK and NSR larvae. From these results, it is suggested that the degradation of midgut epithelial cells may be the main reason for late male killing.
INTRODUCTION
Female-biased sex ratios have been documented in natural populations of many insect species (Majerus, 2003) , and some of these female-biased sex ratios are related to infection by cytoplasmic microorganisms (Hurst et al., 1997) . Mechanisms leading to female-biased sex ratios include feminization of genetic males, induction of parthenogenesis, and male killing (Hurst, 1993; Hurst et al., 1997) .
Male killing has been reported widely in Insecta and falls into two categories: host males are killed either in the embryonic stages (early male killing) or as larvae and pupae (late male killing; Hurst, 1991) . Early male killing is known from five insect orders (Coleoptera, Lepidoptera, Hymenoptera, Diptera, and Hemiptera). Five clades of bacteria have been identified as early male-killing agents (Rickettsia, Wolbachia, Spiroplasma, Flavobacteria , and a gamma proteobacterium) (Hurst et al., 2003; Majerus, 2003) . Late male killing was previously recorded only in mosquitoes and is caused by a microsporidium (Andreadis and Hall, 1979; Andreadis, 1985) but our group recently found late male killing in the oriental tea tortrix Homona magnanima (Diakonoff) collected from Ibaraki Prefecture, Japan (Morimoto et al., 2001) . Morimoto et al. (2001) reported that the causative agent of late male killing of H. magnanima is maternally heritable, horizontally transmissible, and microorganisms that cause other male-killing phenomena, such as Wolbachia, Spiloplasma, Rickettsia, or microsporidia, are not responsible.
Gross morphology and histopathology of male-killing strain larvae in the oriental tea tortrix Homona magnanima (Lepidoptera: Tortricidae)
Few reports exist on the pathology of male killing in insects. In the case of early male killing of Drosophila melanogaster, the target tissues may be the primordial mesoderm and nervous system of male embryos (Tsuchiyama et al., 1978; Koana and Miyake, 1983) . In the late male killing of mosquitoes, microsporidian cells multiply in enocytes and fat body tissues in male larvae, but only in enocytes in female larvae (Andreadis and Hall, 1979; Andreadis, 1985) . Infection in male larvae is lethal because of the rapid and massive multiplication of microsporidia. Male mosquito larvae infected with the microsporidium turn milky white because of microsporidian propagation in fat body tissues (Andreadis and Hall, 1979; Andreadis, 1985) . In the case of late male killing in H. magnanima, details of the gross morphology and histopathology have not been investigated. In this study, we examined the gross morphology and histopathology of a late male-killing strain of H. magnanima larvae.
MATERIALS AND METHODS

Insects.
A late male-killing strain of Homona magnanima (LMK) was collected from Tsukuba, Ibaraki Prefecture, Japan in 1995, and the normal sex ratio strain (NSR) was collected from Akiruno, Tokyo, Japan in 1999. LMK females were crossed with NSR males and maintained in the laboratory (Morimoto et al., 2001) . In each generation, 20 female and 30 male pupae were placed in a plastic box (30ϫ20ϫ5 cm) with wax paper for oviposition.
Mortality, and signs and symptoms of LMK in larvae. Four LMK egg masses were randomly collected from the laboratory populations. After hatching, all hatched larvae (nϭ418) were individually transferred into 20-ml plastic cups with fresh artificial diet, INSECTA LF (Nihon Nosan-Kogyo Co., Ltd., Yokohama, Japan) and reared at 25°C with a 16-h photoperiod until adult emergence. The developmental period, mortality, and external signs and symptoms of LMK larvae were observed daily. Dead larvae were dissected and sexed by the presence of a testis or ovary; only fifth-and sixth-instar larvae could be sexed, although the testis or ovary could not be found in some dead fifth-and sixthinstar larvae because of body shrinking, and the sex of these larvae was designated as "unknown". Dead pupae were sexed based on external morphology (Howell, 1991) . Three to five larvae from each strain were dissected daily and their internal morphology observed. Newly hatched NSR larvae (nϭ64) were used as controls.
Changes in body weight of last-instar larvae. Male larvae at the fourth molt and female larvae at the fifth molt from stock cultures of LMK and NSR were placed individually into 20-ml plastic cups without artificial diet. Newly molted insects were collected after 24 h and the body weight of each larva was measured. After weighing, these larvae were individually transferred into 20-ml cups containing fresh artificial diet and their body weight was measured daily until they either pupated or died. Larvae were reared at 25°C with a 16-h photoperiod. We used 81 male NSR larvae, 52 female NSR larvae, 52 male LMK larvae, and 65 female LMK larvae.
Histopathology of last-instar larvae. Last-instar LMK and NSR larvae were dissected from the dorsal side after being anesthetized on ice (nϭ2-7), and these dissected larvae were fixed with Bouin's fluid overnight. After rinsing with 80% ethanol, fixed samples were dehydrated in a graded series (80, 90, 95, 99 , and 100%) of ethanol and Lemosol (Wako Pure Chemical Industries Ltd., Tokyo, Japan) for 6 h at room temperature. After dehydration, the specimens were embedded in paraffin for semi-thin sectioning. Sections were stained with Mayer's hematoxylin-eosin and photographed under a light microscope (U-CMAD-2; Olympus, Tokyo, Japan).
RESULTS
Mortality, and signs and symptoms of LMK in larvae
The proportion of dead larvae per developmental stage is shown in Table 1 . The mortality of NSR larvae was very low, whereas LMK larvae died at every larval and pupal stage, and their total mortality was 58.7%. Most female LMK larvae survived to adulthood, whereas male LMK larvae died as last-instar larvae or pupae. Among fifth-instar larvae, 64.5% of female NSR larvae, 51.1% of female LMK larvae, 8.0% of male NSR larvae, and 26.9% of male LMK larvae had a sixth larval instar.
The external morphology of male LMK and NSR larvae did not differ until 3 d after molting into the fifth instar. Male NSR larvae developed to the prepupal stage 5 d after molting into the fifth instar and their body color became pale green (Fig.  1A) . These male NSR larvae had accumulated fat body tissues and completely emptied their alimentary canal in preparation for pupation (Fig. 1D) . The body color of male LMK larvae started to change 4 d after molting into the fifth instar and became increasingly opaque white (Fig. 1B, C) . In addition to the body color change, male LMK larvae shrank (similar to NSR prepupae) and exhibited head-capsule slipping in preparation for larvallarval molting (Fig. 1C ). Male LMK larvae had a small amount of food in the alimentary canal and slightly decreased fat body tissues 5 d after molting into the fifth instar (Fig. 1E ). Male LMK larvae had almost no fat body tissues and a nearly empty alimentary canal 10 d after molting into the fifth instar (Fig. 1F ). No differences in the developmental pattern or morphology were observed between female LMK and NSR larvae.
Changes in body weight of last-instar larvae
Changes in the body weight of fifth-instar male and sixth-instar female larvae are shown in Fig. 2 . The body weight of fifth-instar male larvae of both strains increased linearly, peaked 3 d after molting into the fifth instar, and then decreased gradually until pupation or death. Male LMK larvae weighed significantly less than male NSR larvae 1, 2, and 3 d after molting into the fifth instar (t-test, pϽ0.05). The body weight of sixth-instar female larvae of both strains increased linearly, peaked 3 d after molting into the sixth instar, and then decreased gradually until pupation. Female LMK larvae weighed significantly more than female NSR larvae at the beginning of the experiment (t-test, pϽ0.05) but no significant differences in body weight were observed between female LMK and NSR larvae at later times (t-test, pϾ0.05).
Histopathology of last-instar larvae Midgut
Semi-thin sections of the midgut in last-instar male larvae of both strains are shown in Fig. 3 . The midgut tissue of newly molted fifth-instar male larvae from both strains was composed of regenerative cells, columnar cells, and goblet cells with a large cavity (Fig. 3A, B) . Three days after molting into the fifth instar, when their body weight peaked, well-developed midgut epithelial cells were observed in male NSR larvae (Fig. 3C) . Five days after molting into the fifth instar, when male NSR larvae reached the prepupal stage, midgut epithelial cells were replaced with pupal-specific cells; larval midgut cells were sloughed to the gut lumen by pupal cells and formed an amorphous mass (Fig. 3E) . Three days after molting into the fifth instar, the development of midgut epithelial cells in male LMK larvae was similar to that in male NSR larvae (Fig. 3D) . Five days after molting into the fifth instar, the midgut epithelial cells of male LMK larvae contained eosinophilic bodies from 10 to 17 mm in diameter (Fig. 3F ) that were sloughed off into the lumen 7 d after molting into the fifth instar (Fig. 3G) . These eosinophilic bodies were not specific to male LMK larvae and the same bodies were observed in male NSR larvae (Fig. 3C, E) . Ten days after molting into the fifth instar, when male LMK larvae started to die, epithelial cells were discharged on the lumen side and sloughed into the gut lumen as variously sized granules (Fig.  3H) . No pupal epithelial cells were observed at the basal membrane in male LMK larvae. No differences in the morphology of midgut epithelial cells were observed between female NSR and LMK larvae (Fig. 4) . The regenerative cells of female larvae of both strains differentiated just after molting (Fig. 4A, B) and eosinophilic bodies were observed in columnar cells 3 d after molting into the sixth instar (Fig. 4C, D) . Six days after molting into the sixth instar, when female larvae reached the prepupal stage, midgut epithelial cells were replaced with pupal-specific cells and larval midgut cells were sloughed into the gut lumen Fig. 2 . Changes in body weight of Homona magnanima last-instar larvae of late male-killing (LMK) and normal strains (NSR). Bars indicate standard error and asterisks denote significant differences between LMK and NSR strains (pϽ0.05, t-test). Fig. 3 . Cross sections of the midgut of male Homona magnanima larvae of late male-killing (LMK) and normal strains (NSR). Samples were stained with Mayer's hematoxylin-eosin. Basement membrane (bm), lumen (lm), microvilli (mc), pupal epithelial cell (pc). Arrowheads indicate granules of discharged cells. Scale barsϭ50 mm. ( Fig. 4E, F) .
Fat body and epidermis
Semi-thin sections of fat body and epidermis in male larvae are shown in Fig. 5 . The fat body of newly molted male larvae of both strains was not well developed, but the number of fat body cells and the size of the fat granules increased 3 d after molting into the fifth instar (Fig. 5A, B) . Five days after molting into the fifth instar, when male NSR larvae reached the prepupal stage, granules in fat body cells stained with eosin decreased in size and the epidermis detached from the cuticle (Fig. 5C ). In contrast, the peripheral fat bodies of male LMK larvae were sparse compared to those of male NSR larvae 5 d after molting into the fifth instar (Fig.  5C, D) . In male LMK larvae, the size of fat granules in fat body cells did not change from 3 to 5 d after molting into the fifth instar (Fig. 5B, D) . The fat body cells of male LMK larvae clustered together, forming tumor-like tissue (Fig. 5E ). Ten days after molting into the fifth instar, when male LMK larvae started to die, fat bodies were almost totally consumed, and epidermal cells were in multiple layers and completely separated from the cuticle (Fig. 5F) .
In female larvae, no morphological differences in the fat body or epidermis were observed between LMK and NSR. Accumulation of the fat body started immediately after molting, containing large granules 3 d after molting into the sixth instar. In the prepupal stage, the granules became smaller and the epidermis separated from the cuticle (data not shown).
DISCUSSION
The mortality of NSR larvae was very low, whereas LMK larvae died at every larval and pupal stage, and total mortality was 58.7% (Table 1) . Most LMK individuals that died (76.0%) were Fig. 4 . Cross sections of the midgut of female Homona magnanima larvae of late male-killing (LMK) and normal strains (NSR). Samples were stained with Mayer's hematoxylin-eosin. Basement membrane (bm), microvilli (mc), pupal epithelial cell (pc). Scale barsϭ50 mm. Fig. 5 . Cross sections of the fat body and integument of male Homona magnanima larvae of late male-killing (LMK) and normal strains (NSR). Samples were stained with Mayer's hematoxylin-eosin. Cuticle (cu), epidermis (ep), fat body (fb), midgut (mg), muscle (mu). Scale barsϭ200 mm in A to D, and 50 mm in E and F. killed in the last larval or pupal stage. Morimoto et al. (2001) reported that more than 90% of LMK larvae died during the first to fourth instars. The LMK used in this study was the same strain used by Morimoto et al. (2001) , but 6 years (60 generations) have passed since their observations were made. Thus, the pathological characteristics of LMK larvae have changed during continuous rearing under laboratory conditions. Kageyama et al. (2006) proposed a density-dependent hypothesis for the expression of early and late male-killing phenotypes in D. melanogaster caused by Spiroplasma sp. The infection density of Spiroplasma in the maternal body is correlated with the timing of male-killing expression (Kageyama et al., 2006) . Although the causative agent of male killing of H. magnanima is different from that of D. melanogaster, the density of the male-killing agent in female moths may decrease during continuous laboratory rearing.
Male LMK larvae weighed significantly less than male NSR larvae 1, 2, and 3 d after molting into the fifth instar, whereas females of the two strains did not differ in weight at any time. Although we did not measure the amount of food ingested in this experiment, male LMK larvae may consume less food than male NSR larvae.
The typical external sign of male LMK larvae was a body color change, which became increasingly opaque white after molting into the fifth instar. This body color change was due to the disappearance of food from the midgut and the blood changing from green to pale yellow. Another sign of male LMK larvae was an increased number of larval molts compared to male NSR larvae. Furthermore, male LMK larvae exhibited head-capsule slipping in preparation for larval-larval molting. It is unclear why LMK male larvae had an increased number of larval molts, underwent headcapsule slippage, and died at this stage; however, the possibility exists that the endocrine system of male LMK larvae may have been modified. Similar signs can be observed in lepidopteran larvae infected with cypovirus (Tanada and Kaya, 1993) .
Male LMK and NSR larvae differed significantly in histopathology. In male LMK larvae, no pupal-type midgut epithelial cells were observed at the basal membrane. Additionally, the midgut epithelial cells degraded and were discharged into the gut lumen as variously sized granules just before death. This degradation of midgut epithelial cells was not observed in final-instar larvae of H. magnanima that starved to death (data not shown). These results indicate that the degradation of midgut epithelial cells in male LMK larvae was not due to starvation. The mechanisms involved in the degradation of midgut epithelial cells in male LMK larvae could not be elucidated in this study. A similar degradation of midgut epithelial cells occurs in Bombyx mori larvae infected with entomopathogenic viruses. Cypovirus, densovirus, and iflavirus infect midgut epithelial cells of B. mori larvae, and these infected midgut epithelial cells degrade and are discharged into the lumen because of virus multiplication (Iwashita and Aruga, 1957; Iwashita, 1965; Inoue, 1972; Watanabe et al., 1976; Seki and Iwashita, 1983) . The causative agent of late male killing in H. magnanima has not been identified but is thought to be an RNA virus (Nakanishi et al., unpublished) . Thus, we speculate that this RNA virus may multiply in epithelial cells of the midgut and finally rupture infected cells.
Another major histopathological difference between male LMK and NSR larvae was the presence of a tumor in male LMK larvae. No tumors were observed in female LMK larvae. The same phenomenon was previously reported by Morimoto et al. (2001) . Most tumors in insects result from defense reactions to injury, pathogens, or an imbalance in the endocrine system (Harker, 1963; Tanada and Kaya, 1993) . Tumors are produced in insects by various factors, such as viruses, mycoplasma-like organisms, microsporidia, hormonal disturbances, and nerve severance (Bird, 1949; Hukuhara, 1964; Henry, 1967; Watanabe, 1968; Brooks, 1971; Kurisu, 1975; Tanada and Kaya, 1993) . Further studies are needed to elucidate the relationships between the formation of tumors and the causal agents of male killing.
In this study, striking morphological and histopathological differences were observed in the midgut and fat body of male LMK larvae. We speculate that these morphological and histopathological changes may be the main reasons for late male killing; however, further studies are needed to elucidate the mechanism of late male killing; in particular, whether these organs are infected with a causative agent of male killing.
